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Abstract 

A potent cold and drought regulatory protein-encoding gene (CcCDR) was isolated from the subtractive cDNA library 
of pigeonpea plants subjected to drought stress. CcCDR was induced by different abiotic stress conditions in pigeon- 
pea. Overexpression of CcCDR in Arabidopsis tlialiana imparted enhanced tolerance against major abiotic stresses, 
namely drought, salinity, and low temperature, as evidenced by increased biomass, root length, and chlorophyll con- 
tent. Transgenic plants also showed increased levels of antioxidant enzymes, proline, and reducing sugars under 
stress conditions. Furthermore, CcCD/7-transgenic plants showed enhanced relative water content, osmotic poten- 
tial, and cell membrane stability, as well as hypersensitivity to abscisic acid (ABA) as compared with control plants. 
Localization studies confirmed that CcCDR could enter the nucleus, as revealed by intense fluorescence, indicating 
its possible interaction with various nuclear proteins. Microarray analysis revealed that 1780 genes were up-regulated 
in CcCDA7-transgenics compared with wild-type plants. Real-time PCR analysis on selected stress-responsive genes, 
involved in ABA-dependent and -independent signalling networks, revealed higher expression levels in transgenic 
plants, suggesting that CcCDR acts upstream of these genes. The overall results demonstrate the explicit role of 
CcCDR in conferring multiple abiotic stress tolerance at the whole-plant level. The multifunctional CcCDR seems 
promising as a prime candidate gene for enhancing abiotic stress tolerance in diverse plants. 
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Introduction 

Abiotic stress conditions such as drought, salinity, and extreme 
temperatures cause adverse effects on the overall growth and 
yield potential of diverse crop plants. Perception of stress 
signal(s) and activation of complex signalling pathway(s) 
bring about drastic changes in the cellular gene expression 
which is a prequisite for plants to acclimatize under extreme 
conditions (Kasuga et al., 1999; Tong et al., 2007). Although 
salt, drought, and cold stresses are different in nature, they 
are, however, known to activate certain sets of common genes 
in plants. Many stress-responsive genes, expressed in plants 
under stress conditions, have been analysed and their gene 



products are broadly classified into two groups. The first 
group includes different classes of proteins such as enzymes 
required for biosynthesis of various osmoprotectants, late 
embryogenesis-abundant (LEA) proteins, antifreeze proteins, 
chaperones, and detoxification enzymes, which directly pro- 
tect cells. The second group includes signalling molecules, 
transcription factors, and protein kinases (Shinozaki and 
Yamaguchi-Shinozaki, 1997). Products of these genes also 
participate in the generation of regulatory molecules such as 
plant hormones, namely abscisic acid (ABA), ethylene, and 
saHcylic acid (SA) (Xiong et al, 2002). Among these, ABA is 
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known to play a crucial role in the regulation of plant growth 
and development as well as modulating the plant response to 
various environmental factors (Xiong and Zhu, 2003; Nieva 
et a/., 2005). 

Different transcription factors regulate target gene expres- 
sion in several stress regulatory pathways — as evidenced by 
microarray analyses — indicating the occurrence of cross- 
talk between various stress signalling pathways (Fowler and 
Thomashow, 2002). Molecular and genomic analyses using 
model plants facilitated the resolution of complex networks 
and led to the discovery of additional mechanism(s) of stress 
tolerance (Umezawa et al., 2006). By employing molecular 
biology tools and genetic approaches, several abiotic stress- 
inducible genes were isolated and their functions have been 
precisely characterized in transgenic plants (Park et al., 
2003). Several genes associated with abiotic stress tolerance 
have been transferred into different plants to improve their 
tolerance against specific stress conditions. Overexpression of 
the cold-induced plasma membrane protein gene (MpRCI) of 
plantain (Musa paradisiac) in tobacco resulted in increased 
tolerance to low temperature (Feng et al. , 2009). A NAC-type 
transcription factor {OsNACS) of rice, when overexpressed 
in transgenic rice, caused increased tolerance to salinity 
(Takasaki et al., 2010). Overexpression of OsLEA3-l in rice 
resulted in enhanced tolerance to drought under field condi- 
tions (Xiao et al, 2007). Similarly, expression of DREBIA 
of Arabidopsis, hybrid-proline-rich protein (CcHyPRP) and 
cyclophilin (CcCYP) genes of pigeonpea (Cajanus cajan L.), 
and TaSnRKl.S and TaSnRK2.4 of wheat in Arabidopsis con- 
ferred tolerance to drought, salinity, and extreme tempera- 
tures (Mao et al., 2009; Zhang et al., 2010; Priyanka et al., 
2010; Sekhar et al, 2010). 

Pigeonpea (C. cajan) is a diploid legume crop grown mainly 
in semi-arid tropical regions. It has an excellent deep-root sys- 
tem with profuse laterals and grows well in hot and humid 
climates. Since it is one of the well known abiotic stress- 
tolerant food crops, it can be used as a source for identifi- 
cation of potential candidate genes in the improvement of 
stress tolerance of various crop plants (Priyanka et al. , 2010). 
In this study, a stress-responsive C. cajan cold and drought 
regulatory protein-encoding gene (CcCDR) was cloned. 
Overexpression of CcCDR in Arabidopsis afforded marked 
tolerance against drought, salinity, and cold stress conditions. 



Materials and methods 

Plant materials and treatments 

Seeds of pigeonpea variety ICP 8744, obtained from the International 
Crops Research Institute for the Semi-Arid Tropics (ICRISAT), 
Hyderabad (India), were surface-sterilized with 0.1% (w/v) mercuric 
chloride for 5min, and washed thoroughly with sterile water. The 
washed seeds were germinated in Petri plates containing sterile wet 
blotting paper. Later, the germinated seedlings were transferred to 
pots and maintained in the greenhouse at 28 ± 2 °C. To monitor the 
stress-inducible nature of the isolated gene, pigeonpea seedlings 
were subjected to polyethylene glycol (PEG)-6000 (20% w/v), NaCl 
(1.0 M), and cold temperature (4 °C) for 6h. 

Seeds of A. thaiiana (ecotype Columbia) were treated with etha- 
nol for lOmin followed by 0.05% mercuric chloride for 3min, and 



were washed thoroughly six times with sterile water. The sterilized 
seeds, after stratification for 64 h at 4 °C, were grown on Murashige 
and Skoog (MS; Murashige and Skoog, 1962) medium at 20 ± 1 °C 
with a 16h photoperiod under fluorescent light (7000 lux at 20 cm) 
in a Conviron growth chamber (Model TCI 6, Winnipeg, Manitoba, 
Canada). 

Construction of a subtractlve cDNA library and Isolation of the 
full-length Cajanus cajan cold and drought regulatory gene 
(GcGDR; 

Total RNA was isolated from 4-week-old unstressed (-0.49 ±0.02 
Mpa) and 20% PEG-treated (-1.01 ±0.02 Mpa) plants by the 
guanidinium thiocyanate method (Sambrook and Russell, 2001). 
Poly(A+) RNA was purified from total RNA by oligo(dT) ceUu- 
lose chromatography using an mRNA isolation kit (Amersham 
Pharmacia Biotech, Asia Pacific Ltd, Quarry Bay, Hong Kong). 
The cDNA library was constructed using a PCR select cDNA sub- 
tractive hybridization kit (Clontecli, Mountain View, CA, USA) 
employing 2 |ig of mRNA of both control and PEG-treated plants. 
PCR products were ligated into the pGEM-T Easy vector (Promega 
Corporation, Madison, WI, USA) and transformed into Escherichia 
coU (ToplO) ceUs (Sambrook and Russell, 2001). Cloned cDNA 
fragments were sequenced using an automated DNA sequencer. 



RACE PCR 

Total RNA was isolated from root and leaf tissues of 4-week-old 20% 
PEG-stressedpigeonpeaplantsasdescribed above, and cDNA was syn- 
thesized using a Clontech Marathon cDNA amplification kit. RACE 
(rapid amplification of cDNA ends) PCR was carried out employ- 
ing primers 5'-GGATCTTGTCCTTCACCTTGTCCAT-3' (gene 
specific) and 5'-CCATCCTAATACGACTCACTATAGGGC-3' 
(adaptor specific) to extend the 5' region of the CcCDR partial clone 
(accession no. GD173778). Amplified fragments were eluted and 
ligated into the pGEM-T Easy vector and transformed into E. coli 
cells, and recombinant clones were subjected to DNA sequencing. 
Homology search of sequences at the nucleotide and protein levels 
was carried out using BLAST (NCBI) and ExPASy tools. Multiple 
sequence alignment was performed employing CLUSTALW (www. 
genome.jp/tools/clustalw/). The full-length CcCDR (GU444042) 
coding sequence was amplified with Pjli DNA polymerase 
using 5'-GGGGATCCATGTCTGGGATCATCCACAAGA-3' 
(forward, Bamm site underiined) and 5'-GGGAGCTCTT 
AATCACTGTCGCTGCTGCTG-3' (reverse, Sad site underiined) 
primers. 



Southern blot analysis of pigeonpea plants 

Genomic DNA (15 p.g), isolated from pigeonpea plants by the 
cetyltrimethylammonium bromide (CTAB) method (Saghai- 
Maroof et al., 1984), was digested independently with BamHl, 
EcoRl, Hindlll, and Sail restriction enzymes. The digested DNA 
was resolved on an 0.8% agarose gel and was transferred to a posi- 
tively charged nylon membrane as per the manufacturer's instruc- 
tions (Amersham Pharmacia Biotech). Southern blot analysis was 
performed according to Sambrook and Russell (2001). The CcCDR 
coding region (GU444042) was radiolabelled with [a-'-P]CTP using 
Ready to Go DNA labelling beads (Amersham Pharmacia Biotech) 
and used as a probe. 



Northern blot analysis 

Total RNAs (20 jig) — isolated from pigeonpea plants treated inde- 
pendently with PEG (20%), NaCl ( 1 M), and cold (4 °C) for 6 h along 
with untreated plants — were resolved on a denaturing agarose gel 
(1.5% agarose, 2.2 M formaldehyde, and Ix MOPS). The separated 
RNAs were transferred to a positively charged nylon membrane, and 
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northern blot was performed as described (Sambrook and Russell, 
2001). The CcCDR coding region was radiolabelled as described 
above and used as a probe. 

Construction of plant expression cassettes and transformation 
of A. thaliana 

The coding region (282 bp) of CcCDR was cloned at the BamHl 
and Sad sites of the pBI121 vector under the control of either the 
Cauliflower mosiac virus (CaMV) 35S or the rd29A promoter. The 
pBI121 vector containing CcCDR and nptll expression units and 
the pBI121 vector with nptll (empty vector) were mobilized inde- 
pendently into the EHA105 strain of Agrobacterium through tripa- 
rental mating. Agrobacteriitm-mediated floral dip transformation of 
A. thaliana was carried out using the vacuum infiltration method 
(Clough and Bent, 1998). Putative transformants were selected on 
MS medium supplemented with kanamycin (50 mg 1"'). 



IVIolecular analysis of transgenic Arabidopsis plants 

PCR analysis was carried out using the genomic DNA isolated from 
kanamycin-tolerant plants. DNA from untransformed plants was 
used as a negative control, and plasmid DNA of pBI12135Sn/)/II- 
35SCcCZ)i?/pBI12135S«;7rII-rd29A CcCDR was used as a positive 
control. For PCR, plasmid DNA (lOng) and genomic DNA (50ng) 
were used as templates employing CcCDR gene-specific primers 
5'-ATGTCTGGGATCATCCACAAGATT-3' and 5'-TTAATCAC 
TGTCGCTGCTGCTGCT-3'. The reaction mixture, containing 
template, primers, buffer, dNTPs, and Tag DNA polymerase, was 
subjected to initial denaturation (94 °C) for 5min, followed by 
repeated denaturation (94 °C) for 45 s, annealing (60 °C) for 45 s, 
and elongation (72 °C) for Imin for a total of 35 cycles. The final 
elongation step was carried out at 72 °C for lOmin. Amplified PCR 
products were analysed on a 1.0% agarose gel containing ethidium 
bromide. Genomic DNA (10 |j.g) of wild-type (WT) plants and 
transgenic lines was digested independently with Hindlll and EcoRl 
restriction enzymes, and Southern blot was performed using the 
radiolabelled CcCDR coding region as described earlier. 

RT-PCR analysis 

Total RNA was isolated independently from transgenic and control 
plants using the TRIZOL method (Invitrogen, Carlsbad, CA, USA). 
Real-time PCR (RT-PCR) was carried out using a reaction mixture 
containing TRIS-HCl (lOmM), KCl (50niM), MgCl, (1.5mM), 
dNTPs (200 iiM each). Tag DNA polymerase (1.5U), MMLV 
reverse transcriptase (2U), total RNA (1.0 |ig), forward primer (10 
pM), and reverse primer (10 pM) of CcCDR. The reaction mixture 
(50 |il) was incubated at 50 °C for 30min and PCR was carried out 
as described earlier. Amplified PCR products were analysed on a 
1.0% agarose gel. 

Construction of GFP::CcCDR fusion construct and 
transformation of k. thaliana 

The coding sequence of CcCDR without the termination codon was 
fused with the 5' region of green fluorescent protein (GFP) driven by 
the CaMV 35S promoter. The expression cassettes of CaMV35S- 
CcCDR::GFPlCiiMY35S-GFP were subcloned into pCAMBIA 
2301 containing the hptll expression unit and mobilized into the 
EHA105 strain of Agrobacterium through triparental mating. 
Transformation of A. thaliana was carried out as described above. 
Transformed seedlings were selected on MS medium supplemented 
with kanamycin (50mg T'). Callus was induced from the roots of 
CaMV35S-G/'P and CaMN?,5S-CcCDR:.GFP transgenic seedlings 
on MS medium containing 2,4-dichlorophenoxyacetic acid (2mg 
r'). Individual cells derived from the callus were visualized under a 
confocal microscope (Leica Microsystems, Germany). 



Functional analysis of transgenics for abiotic stress tolerance 

Seeds of WT, control (vector transformed or VT), and homozygous 
transgenic (T3) Arabidopsis CSl, CS2, RDl, and RD2 plants were 
surface-sterilized and placed on MS salt medium, and kept in the 
dark for 3 d at 4 °C for stratification. Later, they were transferred 
to a growth chamber (Conviron, TCI 6), and allowed to grow at 
20 ± 1 °C under long-day (16h light/8 h dark cycles) conditions with 
fluorescent fight (7000 lux at 20cm). To test for drought and salt 
tolerance, 2-week-old seedlings were grown on MS medium supple- 
mented with mannitol (200 mM) or NaCl (150 mM) for 7 d. For cold 
tolerance studies, 2-week-old seedlings were transferred to an incu- 
bator set at 4 °C for 7 d. Later, the seedlings were transferred on to 
the MS salt medium and allowed to recover for 10 d under normal 
conditions (20 ± 1 °C, 16 h light/8 h dark cycles, 7000 lux at 20 cm) 
in the growth chamber. After 10 d of recovery, survival rate, root 
length, and biomass of seedlings were recorded. 

Relative water content measurements 

Relative water contents (RWCs) of the 4-week-old CSl, CS2, RDl, 
and RD2 transgenic plants together with WT and VT plants were 
measured. Fresh weight loss was calculated relative to the initial 
plant weight. For fresh weight, plants were weighed immediately 
and left in the growth chamber (20 ± 1 °C) until there was no further 
loss in weight (desiccated weight). Finally, plants were dried for 24 h 
at 70 °C and dry weights were recorded. The RWCs of the samples 
were measured using the formula: RWC (%)=(desiccation weight- 
dry weight)/(fresh weight-dry weight) x 100. 

Osmotic potential analysis 

Two-week-old plants of each line were selected and frozen with liq- 
uid nitrogen for 30 s, and preserved at -80 °C. Sap from the leaves 
was collected by squeezing with the help of a micro pestle, and the 
osmotic potential of the sap was determined using a vapour pressure 
osmometer (Vapro, Model 5520; Wescor Inc., Logan, UT, USA). 

Cell membrane stability analysis 

Cell membrane stabiUty (CMS) was determined using a conductiv- 
ity meter (Model Sension 5; HACH Company, Loveland, CO, USA). 
Ten-day-old seedlings grown on 1 x MS medium were placed on filter 
paper saturated with NaCl (150mM) solution. As soon as symptoms 
of stress appeared (after 6h) in the WT and VT plants, seedlings were 
removed, rinsed thoroughly, and immersed in 20 ml of double-distilled 
water at room temperature (20± 1 °C). After a gap of 2h, the initial 
conductivity of samples was recorded. Later, samples were boiled for 
30min, cooled to room temperature, and the final conductivity was 
measured. CMS was calculated using the formula: CMS (%)=l-initial 
electrical conductivity/electrical conductivity after boilingx 100. 

Leaf chlorophyll content measurements 

Leaf discs of CSl, CS2, RDl, and RD2 transgenic lines together 
with WT and VT plants were floated independently on water (con- 
trol), 200 mM mannitol, and 150mM NaCl solutions at room tem- 
perature (20 ± 1 °C) and also on water at 4 °C for 72 h. Leaf discs 
were then used for measuring chlorophyll content spectrophotomet- 
rically as described previously (Sekhar et al., 2010). 

Measurement of proline content 

Fifteen-day-old CcCDR CSl, CS2, RDl, and RD2 transgenic, WT, 
and VT seedUngs were subjected to 200 mM mannitol, 150mM 
NaCl, and 4 °C for 3 d. Plant tissues were homogenized in 3% aque- 
ous sulphosalicylic acid and the homogenates were centrifuged at 
lOOOrpm for 5min. Supernatant was collected and equal volumes 
of glacial acetic acid and ninhydrin were added. Quantification of 
proline was carried out as described by Bates et al. (1973). 
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Estimation of reducing sugars 

Samples of leaf tissues (lOOmg) were collected from the stressed 
(200 mM mannitol/150mM NaCl/4 °C for 3 d) and unstressed trans- 
genic, VT, and WT plants, frozen with liquid nitrogen and ground 
to powder. Reducing sugars were extracted from the powder twice 
with 80% ethanol at 95 °C. The supernatant collected was bulked 
and reduced to dryness at 80 °C for 2h. The residue was dissolved in 
10ml of distilled water, and reducing sugar contents were estimated 
as described (Miller, 1959). 



Estimation of maiondiaidehyde (MDA) 

For measurement of MDA, 50 mg of tissue, collected from stressed 
and unstressed transgenic, WT, and VT seedlings, was homogenized 
with 2 ml of 0.1% (w/v) cool trichloroacetic acid (TCA) on ice. The 
homogenates were centrifuged at 14 000 g for lOmin at 4 °C, and 
then 250 ^1 of supernatant was mixed with 1 . 5 ml of TCA/thiobarbi- 
turic acid (0.25% thiobarbituric acid containing 10% TCA) reagent. 
MDA content was estimated as per the method of Shin et al. (2012). 



Catalase assay 

Fifteen-day-old CcCDR CSl, CS2, RDl, and RD2 transgenic lines 
together with WT and VT seedlings were subjected to 200 mM man- 
nitol, 150mM NaCl, and 4 °C for 3 d. Tissue was collected from 
seedhngs grown under stress as well as unstressed conditions, homog- 
enized with hquid nitrogen, and suspended in 0.1 ml of lOmM PBS 
buffer (pH 7.0). Catalase activity was determined according to Shin 
etal. (2012). 

Superoxide dismutase (SOD) assay 

Fifteen-day-old CcCDR CSl, CS2, RDl, and RD2 transgenic 
hnes along with WT and VT seedlings were subjected to mannitol 
(200 mM), NaCl (150mM), and cold (4 °C) for 3 d. Tissue collected 
from seedlings grown under stress as well as unstressed conditions 
was ground in liquid nitrogen and homogenized in solution contain- 
ing 50mM KHPO4 (pH 7.0), 0.1 mM EDTA, and 1% (w/v) poly- 
vinylpolypyrrolidone. SOD activity was measured as described by 
Gupta era/. (1993). 

Detection of 1-1202 and superoxide by diaminobenzidine (DAB) 
and nitrobiue tetrazoiium (NBJ) staining methods 

For visualization of H2O2 and superoxide generation as a result of 
abiotic stress, 2-week-old seedlings treated with mannitol (200 mM), 
NaCl (150 mM), and cold (4 °C) for 3 d, along with unstressed plants 
were employed for DAB and NBT staining. Stained samples were 
transferred to 80% ethanol and incubated at 70 °C for lOmin to 
remove the chlorophyll. DAB staining was carried out as described by 
Du et al. (2008) for visualization of H2O2. The NBT staining method 
described by Wang et al. (2010) was used for superoxide detection 

Effect of ABA on seed germination and seedling growth 

Seeds of transgenic and the WT plants were placed on MS medium 
containing different concentrations of ABA (0-2.0 \iM) for record- 
ing the germination frequency. Further, germinated seedlings were 
allowed to grow for 20 d to assess their sensitivity to ABA. 

Measurement ofstomatal aperture sizes 

Rosette leaves of 3-week-old plants were detached and floated (abax- 
ial side down) on a solution containing lOmM MES-KOH (pH 
6.15), 30 mM KCl, and 1 mM CaCl2, and were incubated under hght 
for 2h. Later, they were treated with ABA-containing solution for 
2h. In each treatment, sizes of 50 stomatal apertures were measured 
under a confocal microscope. 



Microarray analysis 

Two-week-old WT and transgenic (RD2) plants were subjected to 
mannitol (200mM) stress for 3 d. Total RNA was extracted from 
seedlings using TRIZOL reagent (Invitrogen). The quality and 
quantity of RNA were checked by Agilent Bioanalyzer. Labelled 
complementary RNA was generated using Agilent's Quick-Amp 
labelling Kit (p/n5 190-0442). Microarray analysis was performed 
using the Affymetrix Gene Chip 4X44K according to the manufac- 
turer's instructions (Affymetrix). Microarray data were normalized 
using the RMA algorithm implemented in GeneSpring software. 
Analysis of the data was performed using GeneSpring GX12.5 soft- 
ware. A moderated /-test method was applied for assessing the statis- 
tically significantly differentially expressed genes. Statistical analysis 
was performed for the identification of differentially expressed genes 
between stressed transgene and stressed control experiment groups. 
Genes showing significant change in the expression level, fold change 
>2 with P-value <0.05, were identified as differentially expressed 
genes. The identification of statistically significant enrichment of 
functional categories in differentially expressed genes was accom- 
plished using DAVID Bioinformatics Resources 6.7. 

Gene expression analysis using quantitative real-time PCR 
(qRT-PCR) 

First-strand cDNA was synthesized from RNA samples of WT and 
transgenic (RD2) seedlings subjected to mannitol (200mM) stress 
for 3 d. RT-PCR analysis was carried out using SYBR green mas- 
ter mix with the Applied Biosystems 7500 real-time PCR system at 
94 °C (1 min), 60 °C (1 min), and 72 ° C (1 min) for 30 cycles. Later, 
the products were analysed through a melt curve analysis to check 
the specificity of PCR amplification. Each reaction was performed 
three times, and the relative expression ratio was calculated using the 
2-AAci j^gtjjo(j employing the actin gene as the reference. The primers 
used for qRT-PCR are listed in Supplementary Table SI available at 
JXB onUne. 

Statistical analysis 

All the experiments were carried out in triplicate employing 20 
seedlings in each treatment. Mean values, standard error, and ;-test 
were computed with the help of pre-loaded software in Excel, pro- 
grammed for statistical calculations. 



Results 

Characterization of the Cajanus cajan cold and 
drought regulatory gene ('CcCDRj 

Employing PCR-based cDNA subtraction, a partial cDNA 
clone (accession no. GD173778) of 200 bp was obtained from 
the cDNA library of pigeonpea plants subjected to 20% PEG 
stress (-1.01 ±0.02Mpa). Using 5' RACE PCR, a full-length 
cDNA clone (GU444042) was recovered. The clone con- 
tained a 282 bp coding sequence that codes for a polypeptide 
of 93 amino acids and was designated as Cajanus cajan cold 
and drought regulatory gene {CcCDR). Northern blot analy- 
sis of RNA isolated from pigeonpea plants, treated with PEG 
(20%), NaCl (1 M), and cold (4 °C) for 6h, showed increased 
levels of CcCDR transcripts in comparison with the untreated 
controls (Fig. lA). Southern blot analysis of genomic DNA, 
when digested with BamHl, EcoRl, Hindlll, and SaK 
enzymes and probed with the CcCDR coding sequence, 
revealed single hybridization signals of various sizes ranging 
from >2kb to lOkb (Fig. IB). The CcCDR protein showed 
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a high identity of 73% with maturation-associated Hke Srcl 
protein of Carica papaya (AAL73185), 70% with Glycine max 
cold-induced protein Srcl (BAA 19768), 68% with G. max low 
temperature-inducible protein (ABO70349), and 59% with 
G. max KS-type dehydrin (ABQ81887) (Fig. IC). 

Development of CcCDR-transgenic plants of 
A. thaliana 

Putative transgenic plants obtained with plasmid con- 
structs containing CcCDR (Supplementary Fig. SIA at JXB 
online) were selected on MS medium containing kanamycin 
(50mg 1 PCR analysis using CcCDR gene-specific prim- 
ers revealed amplification of an ~280bp fragment from the 
genomic DNA of transgenic plants, while no such band was 
observed in WT and VT plants (data not shown). Southern 
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Fig. 1 . Molecular characterization of the Cajanus cajan cold and drought 
regulatory gene (CcCDR) and comparison of Its protein product with other 
plant proteins. (A) Northern blot analysis of CcCDR: 4-week-old plants of 
pigeonpea were subjected to no stress (1); PEG (20%) stress for 6h (2); 
NaCI (1 M) stress for 6h (3); or cold (4 °G) stress for 6h (4). About 20 |xg 
of total RNA was used for northern blot analysis. The blot was hybridized 
with the cDNA fragment of CcCDR. Ethldium bromide-stained 288 rRNA Is 
shown for equal RNA loading. (B) Southern blot analysis of CcCDR: lane 1 , 
EcoRI-dlgested; lane 2, SamHI-dlgested; lane 3, H/ndlll-dlgested; lane 4, 
Sa/l-dlgested genomic DNA of pigeonpea. Positions of 2.0 kb and lO.Okb 
fragments In the gel are Indicated. (0) Comparison of the deduced amino 
acid sequence of CcCDR with other proteins. Multiple sequence alignment 
of CcCDR (GU444042) with Carica papaya maturation-associated 
like Srcl protein {AAL73185), Glycine max cold-Induced protein Src1 
(BAA19768), G. max low temperature-inducible protein (ABO70349), 
and G. max KS-type dehydrin (ABQ81887). Identical and conserved 
amino acids are represented In black and grey respectively (This figure Is 
available in colour at JXB online.) 



blot analysis of genomic DNA of transgenic lines dem- 
onstrated the presence of the transgene in the genome of 
Arabidopsis, when probed with CcCDR (Supplementary Fig. 
SIB). RT-PCR analysis revealed the presence of CcCDR 
transcripts in rd29A-CcCDR fines (subjected to mannitol) 
and unstressed CaM'V35S-CcCDR fines (Supplementary Fig. 
SIC). Homozygous transgenic lines witfi a single T-DNA 
insertion, namely CSl and CS2 (CaM\35S-CcCDR) and 
RDl and RD2 (rd29 A-CcCDR), were cfiosen for subsequent 
experiments. 

Overexpression of CcCDR in Arabidopsis results in 
enhanced drought, salt, and cold tolerance 

Under different stress conditions, transgenic lines exhib- 
ited a higher survival rate as compared with VT and WT 
(Fig. 2A). Transgenic lines subjected to drought stress 
showed higher biomass (43.1 ±0.2mg to 45.5 ± 0.6 mg) when 
compared with VT and WT plants (Fig. 2B). Similarly, trans- 
genic lines subjected to salt stress sfiowed a total biomass of 
41.04±0.69mg and 42.4 ± 0.59 mg, and 41.98 ± 0.7 mg and 
43.92 ± 0.3 mg compared witfi VT (1 5.84 ± 0.2 mg) and WT 
(18.0±0.4mg) plants (Fig. 2B). In comparison with WT and 
VT plants, CcCZ)i?-transgenics exhibited greater root length 
(2.38±0.1cm to 2.49±0.21cm) under mannitol and NaCl 
stresses (1.91 ±0.1 1cm to 2. 14 ±0.05 cm) (Fig. 2C). Likewise, 
transgenic lines subjected to 4 °C exfiibited increased 
(47.2±1.27mg to 49.5±1.59mg) biomass wfien compared 
witfi VT and WT plants (Fig. 2B). Moreover, tfie transgenic 
lines sfiowed increased root lengtfi wfien compared witfi WT 
and VT plants (Fig. 2C). 

Leaf discs of transgenic lines togetfier witfi VT and WT 
plants were floated independently for 72 fi on water, 200 mM 
mannitol, and 150mM NaCl, solutions at 20 ± 1 °C and also 
on water at 4 °C for estimation of tfie total cfiloropfiyll con- 
tent. Under normal conditions, tfiere were no significant dif- 
ferences in tfie cfiloropfiyll contents between controls and 
transgenic plants. However, under stress conditions, tfie cfilo- 
ropfiyll content of WT and VT plants was significantly lower 
tfian tfiat of transgenic plants. Tfie mean cfiloropfiyll contents 
of transgenic plants were found to be fiigfier under mannitol, 
NaCl, and cold stresses, as compared witfi WT and VT plants 
(Fig. 2D). Furtfiermore, tfie transgenic plants expressing 
CcCDR could successfully complete tfieir reproductive cycle, 
wfiile tfie control plants turned cfilorotic and failed to reacfi 
tfie reproductive pfiase under drougfit, salt, and cold stress 
conditions (Fig. 3). 

Estimation of proline and reducing sugars in 
CcCDR-transgenic plants 

Under normal conditions, CSl and CS2 transgenic lines 
sfiowed fiigfier profine and reducing sugar contents. However, 
tfiere was no significant difference between proline and reduc- 
ing sugars of RD transgenic, WT, and VT plants (Fig. 4A, 
B). Wfien 15-day-old transgenics were subjected to mannitol 
(200 mM) stress, transgenic plants accumulated fiigfier lev- 
els of proline and reducing sugars, respectively (Fig. 4A, B). 



4774 I Tamirisa ef al. 



■ WT "CSI nCS2 "RDI ■RD2 -VT 



■ WT ■ CSI ■ CS2 ■ RD1 ■ RD2 ■ VT 




Mannitol 
(200inM) 



NaCI 
(150mM) 



Cold (4-C) 




WS 



Mannitol 
(200niM) 



Naa 
(ISOmM) 



CokJ (4-C) 



B 



■ WT "CSI ■CS2 "RDI ■RD2 "VT 




WS Mannitol NaCI Cold(4'C) 
(200mM) (ISOmM) 




■ WT ■CSI ^082 "CRI ■CR2 "VT 



tttti 



WS Mannitol NaCI Cold(4-C) 
(200mM) (ISOmM) 



Fig. 2. Evaluation of CcCDR-transgenics under different abiotic stresses. Two-weel<;-oid seediings of WT, VT, and transgenics were grown under 
200 mM mannitoi, ISOmlVI NaCI, and coid stress (4 °C) for 7 d. Seediings were aiiowed to recover on MS plates. Data on survival rate (A), total biomass 
(B), and root lengtli (C) were recorded after 10 d of recovery. In each treatment, 20 seedlings of WT, VT, and two transgenic lines were used. Chlorophyll 
content (D) was determined from the leaf discs of control and transgenic plants after 72 h of incubation in water, 200 mM mannitol, and 150mM NaCI 
solutions independently at room temperature (20 ± 1 °C); for cold stress, leaf discs were incubated in water at 4 °C. The mean and SE from three 
independent experiments are shown. * indicates significant differences in comparison with the WT at P<0.05. WS, without stress; CS1 and CS2, 35S 
transgenic lines; RDI and RD2, rd29A transgenic lines; WT, wild type; VT, vector-transformed plants; FW, fresh weight. (This figure is available in colour 
at JXB online.) 
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Fig. 3. Evaluation of transgenic plants expressing Cajanus cajan cold and drought regulatory protein (CcCDR) under different abiotic stress conditions. 
Two-week-old seedlings of control and CcCDR-transgenics were subjected to 200 mM mannitol, 1 50 mM NaCI, and cold (4 °C) for 7 d. For each 
treatment, 20 seedlings were used. Treated seedlings were allowed to recover for 7 d at 20± 1 "C. Later, seedlings were transferred to soil and allowed to 
grow for 3 weeks under normal conditions, and were photographed. (This figure is available in colour at JXB online.) 
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Fig. 4. Biochemical cliaracterization of transgenic plants expressing CcCDR. Two-week-old seedlings of control and transgenic plants were grown 
under 200 mM mannitol, 150mM NaCI, and cold stress (4 °C) for 3 d, for estimation of proline (A), reducing sugars (B), MDA (C), catalase (D), and SOD 
(E). The mean and BE from three independent experiments are shown. For each treatment, 20 seedlings were used. * indicates significant differences in 
comparison with the WT at P<0.05. WT, wild type; VT, vector transformed; CS1 and CS2, 35S transgenic lines; RD1 and RD2, rd29A transgenic lines. 
(This figure is available in colour at JXB online.) 



In contrast, WT and VT plants showed lower levels of pro- 
line and reducing sugars, under similar stress conditions. After 
NaCI (150mM) stress, transgenic plants accumulated higher 
levels of proline and reducing sugars, while VT and WT plants 
showed lower levels. Likewise, under cold (4 °C) stress, both the 
transgenic lines exhibited higher levels of proline and reducing 
sugars. Under similar conditions, WT and VT plants exhibited 
lower proline and reducing sugar contents (Fig. 4A, B). 

MDA content in transgenic piants 

The MDA content of transgenic plants subjected to manni- 
tol and NaCI stress conditions was significantly lower than 
that of WT and VT plants. Cold stress enhanced the levels of 
MDA in WT and VT plants as compared with the transgenic 
plants (Fig. 4C). 

Catalase activity in transgenic piants 

Catalase activity in transgenic seedlings under mannitol-, 
NaCI-, and cold-induced stress conditions was higher as com- 
pared with WT and VT plants (Fig. 4D). Further, under such 
stress conditions, the intensity of DAB staining in control 
plants was stronger than that of transgenic seedlings (Fig. 5A). 

SOD activity in transgenic piants 

SOD activity was assayed in the WT, VT, and transgenic seed- 
lings in the presence and absence of stress conditions. The 



SOD activity was significantly increased in the transgenics 
upon exposure to mannitol, NaCI, and cold stress condi- 
tions compared with activities recorded in WT and VT plants 
(Fig. 4E). Furthermore, the relative superoxide concentration 
was examined with NBT staining. Under normal conditions, 
transgenic and control seedlings showed low staining, while 
transgenics exhibited a lower intensity of staining than con- 
trol seedhngs under stress conditions (Fig. 5B). 

Ceii membrane stability of transgenic 
Arabidopsis piants 

Eight-day old seedlings of transgenic, WT, and VT plants 
were treated with NaCI (150mM) for analysis of their cell 
membrane stability. After 6 h of stress, control plants exhib- 
ited wilting symptoms, while transgenics showed no signs of 
stress-induced symptoms. The results revealed that the cell 
membrane stability of CSl and CS2 (34% and 36%) and 
RDl and RD2 (29% and 33%) transgenics was significantly 
higher than that of WT and VT plants (Fig. 6A). Moreover, 
no significant differences were observed between CS and RD 
transgenic lines under similar stress conditions. 

Water retention capacity of transgenic plants 

To assess the water retention ability of transgenics, the fresh 
water loss in detached rosette leaves was measured. Although 
water losses were observed in transgenic and control plants, 
the final relative water content of CSl and CS2 (25% and 
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Fig. 5. Hydrogen peroxide and superoxide detection in transgenic piants subjected to different abiotic stresses. Two-week-oid A. thaliana seediings 
grown on MS medium were subjected to mannitoi (200mM), NaCi (150mM, and cold (4 °C) for 72h. For each treatment, 20 seedlings were used. (A) 
NBT staining for superoxide detection (B) DAB staining for H2O2 detection. WT, wild type; VT, vector control; CS1 and CS2, 35S transgenic lines; RD1 
and RD2, rd29A transgenic lines. (This figure is available in colour at JXB online.) 




Fig. 6. Physiological characterization of CcCDR-transgenic plants. (A) Cell membrane stability measurement of transgenics, WT, and VT seedlings 
treated with 150 mM NaCl. (B) Comparison of relative water contents of detached rosettes of controls and transgenic plants. (C) Measurement of 
osmotic potential of transgenic lines, WT, and VT plants under well-watered conditions. (D) Germination rates of transgenic (CS) and WT seeds on 
ABA-containing medium. Seeds were placed on MS medium containing 0, 0.5, 1 .0, 1 .5, or 2.0 )j.M ABA and the germination rate was calculated after 
7 d. Seeds were considered to have germinated when the radicle tip had expanded by 1 mm. (E) Size of stomatal apertures of transgenics (CS) and the 
WT after ABA treatment. Leaves of transgenics and the WT were treated with ABA- (2.0 nM and 1 0.0 )aM) containing solution for 2 h. Stomatal apertures 
in epidermal peels were observed under a confocal microscope and 50 stomatal apertures were measured for each treatment. The mean and SE from 
three independent experiments are shown. For each treatment, 20 seedlings were used. * indicates significant differences in comparison with the WT 
at P<0.05. WT, wild type; VT, vector transformed; CS1 and CS2, 35S transgenic lines; RD1 and RD2, rd29A transgenic lines. (This figure is available in 
colour at JXB online.) 
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28%) and RDl and RD2 (22% and 24%) transgenics was sig- 
nificantly higher than that of WT and VT plants (Fig. 6B). 

Analysis of osmotic potentiai of CcCDR-transgenics 

To determine the role of CcCDR in stress tolerance, the 
osmotic potential of transgenic, VT, and WT plants grown 
under well-watered conditions was measured. The osmotic 
potential of CSl and CS2 lines was higher (46% and 47%) 
than that of RDl and RD2, VT, and WT plants (Fig. 6C). 
Furthermore, no significant differences were observed in the 
osmotic potential of RD, VT, and WT plants. 

ABA sensitivity of CcCDR-transgenic piants 

The seed germination rate of transgenic plants was severely 
inhibited by ABA in comparison with the WT plants 
(Fig. 6D). Moreover, transgenic seedlings showed higher 
hypersensitivity to ABA (Supplementary Fig. S2 at JXB 
online). The density of guard cells was comparable in both 
transgenics and WT pants. However, when treated with ABA, 
transgenic plants showed a greater reduction in stomatal 
aperture size compared with WT plants (Fig. 6E). 

Locaiization of CcCDR protein in stably 
transformed ceiis 

To examine the subcellular localization of CcCDR protein in 
the cells, the CcCDRwGFP fusion construct and GFP (con- 
trol) driven by the CaMV 35S promoter were stably expressed 
in Arabidopsis. Cells containing CcCDR::GFP showed sub- 
stantial fluorescence in the nucleus as well as its presence in 
the cytoplasm, while cells expressing GFP alone exhibited 
uniform fluorescence throughout the cell (Fig. 7A). 

Microarray analysis of rcl29A-CcCDR plants under 
drought stress conditions 

To elucidate the consequence of CcCDR overexpression, micro- 
array analysis of WT and RD transgenic {rd29A-CcCDR) plants 
subjected to mannitol (200mM) stress was performed. The fold 
change analysis (FC >2.0) showed that 3267 genes were expressed 
>2-fold in the transgenic as compared with WT plants, of which 
1780 were 2-fold up-regulated and 1487 were 2-fold down-regu- 
lated. Furthermore, the fold-change analysis (FC >4.0) revealed 
that 409 genes were up-regulated >4-fold (Supplementary Table 
S2 at JXB online) and 297 genes were down-regulated <4-fold 
(data not shown). In CcCZ)i?-transgenics, the number of up-reg- 
ulated genes was higher compared with down-regulated genes. 
The heat map image of Hierarchical CLustering (HCL) showed 
overexpressed genes in a dark colour and underexpressed genes 
in a light colour (Fig. 7B). 



Expression analysis of stress-responsive genes in 
rd29a-CcCDR transgenic plants by qRT-PCR 

To confirm the results obtained from the microarray analy- 
sis, nine genes which showed >4-fold change were selected for 
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Fig. 7. Subcellular localization and expression profile of CcCDR In 
transgenic Arabidopsis. (A) Subcellular localization of CcCDR. Plasmid 
constructs harbouring CaMV35S-GFP and CaMV35S-CcCDR;;GFP 
were Introduced Into Arabidopsis Independently by floral Infiltration. 
Individual cells of callus derived from roots of transgenic plants were 
observed under a confocal microscope. Images 1 and 4 are dark field, 
2 and 5 are combined, 3 and 6 are bright field. Ths scale bar=50 i^m. N 
represents the nucleus. (B) Transcriptome profile of wild-type and rd29A- 
CcCDR-transgenic plants under drought stress by microarray analysis. 
Two-week-old seedlings were subjected to 200 mM mannitol stress for 
72 h. The heat map represents normalized expression intensity values 
of differentially regulated genes (fold change >2 and P-value <0.05) in 
the RD2 transgenic line (T) as compared with the wild type (WT). Dark 
color shows overexpressed genes and light color shows underexpressed 
genes. (C) Expression profiles of stress-responsive genes under drought 
stress by qRT-PCR analysis. Comparisons of the relative transcript levels 
of LEA, ZNF, bZIR CDPK, MYB, MARK, DREB2A, CBF4, and CBF1 in 
rd29A-CcCDR-transgenjc (J) and wild-type (WT) plants and under 200 mM 
mannitol stress for 72 h. Actin was used as an internal control. The vertical 
column indicates the relative transcript level. The mean and SE from three 
independent experiments are shown. * indicates significant differences in 
comparison with the control at P<0.05. (This figure is available in colour at 
JXB online.) 

qRT-PCR analysis. The results revealed substantial increases 
in the relative expression of these genes, namely LEA, ZNF, 
bZIP, CDPK, MYB, MAPK, DREB2A, and CBF4, in 
transgenic Arabidopsis plants under drought stress condi- 
tions. However, the expression levels of these genes were sig- 
nificantly lower in the WT plants under similar conditions 
(Fig. 7C). 



Discussion 

In this study, a stress-responsive CcCDR gene was isolated 
from the subtractive cDNA library of pigeonpea plants sub- 
jected to drought stress. Southern blot analysis showed the 
presence of single hybridizable bands of various sizes, denot- 
ing the single-copy nature of CcCDR and the absence of 
paralogues in the pigeonpea genome. Northern blot analy- 
sis, using the RNA isolated from plants exposed to PEG, 
NaCl, and cold treatments, revealed intense CcCDR signals 
when compared with untreated pigeonpea plants, suggesting 
the stress-responsive nature of the gene. Although CcCDR 
did not show complete homology with any of the proteins 
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associated with abiotic stress tolerance, it still showed ~70% 
homology with the cold-induced Srcl protein of G. max 
(Fig. IC). In soybean, the accumulation of Srcl tran- 
scripts was significantly increased in a tissue-specific man- 
ner on exposure to low temperature and drought conditions 
(Takahashi and Shimosaka, 1997). These results suggest that 
CcCDR might have originated and diverged from a common 
source during the course of evolution to cope with different 
environmental conditions. 

Under different stress conditions, CcCZ)i?- transgenics 
exhibited a higher survival rate, increased root length, 
enhanced plant biomass, and higher chlorophyll content when 
compared with WT and VT plants (Fig. 2), as well as normal 
fertility. The striking differences observed between transgenic 
and control plants demonstrate the profound effect of CcCDR 
in bestowing multiple abiotic stress tolerance at the whole- 
plant level (Fig. 3). Under stress conditions, transgenic plants 
exhibited higher RWCs when compared with WT and VT 
plants, thereby indicating that transgenics have higher water 
retention ability. Water loss rate is an important parameter 
which reflects the water status of the plant and has been used 
as a reliable indicator of drought tolerance in plants (Dhanda 
and Sethi, 1998; Song et al, 2012). Transgenic Arabidopsis 
expressing vacuolar H"^ pyrophosphatase (AVPIH"^) and 
wheat protein kinase TaABCl exhibited increased abihty for 
water retention as compared with WT plants (Gaxiola et al. , 
2001; Wang et al, 2010). CcCZ)7?- transgenic plants also 
showed higher cell membrane stability values when compared 
with WT and VT plants. Cell membranes are thought to be 
the primary target, and their stability and integrity are of pri- 
mary concern in plants grown under abiotic stress conditions 
(Wang et al, 2010). Wheat genes, TaSnRK2.4 and TaABCl, 
when overexpressed in Arabidopsis, caused increased cell 
membrane stability under stress conditions (Mao et al, 2009; 
Wang et al, 2010). Under unstressed conditions, the osmotic 
potential of transgenic plants expressing CcCDR driven by 
the CaM V35 promoter was found to be higher than that 
of WT and VT plants, indicating the unequivocal role of 
CcCDR in osmotic potential adjustment. Overexpression of 
wheat Na'^/H"^ antiporter TNHXl and H'^-pyrophosphatase 
TVPl in Arabidopsis resulted in an enhanced osmotic adjust- 
ment compared with control plants (Brini et al. , 2007). 

An increase in the free proline content was evident in 
Cc CZ)7?-transgenic lines when compared with WT and VT 
plants. In general, the osmotic potential increases due to the 
accumulation of osmoprotectants such as sugars and amino 
acids, and thus plants accumulate free proline under stress 
conditions. Proline not only acts as an osmoprotectant but 
also serves as a free radical scavenger and protects macro- 
molecules against denaturation in the cell. Furthermore, 
overproduction of proline in plants increases their osmotic 
stress tolerance (Kishor et al, 1995). Generally, plants with 
higher capacity for osmotic adjustment showed broader 
tolerance to osmotic stress (Mao et al, 2009). CcCDR- 
transgenic plants also exhibited enhanced accumulation of 
reducing sugars when compared with WT and VT plants. 
Accumulation of reducing sugars is advantageous due to 
their high water solubiUty and resistance to crystallization 



at freezing temperatures. They also stabilize membranes and 
indirectly contribute to the osmotic adjustment upon freez- 
ing and dehydration (Krasensky and Jonak, 2012). In rice, 
overexpression of 05CIPK12 caused accumulation of higher 
proline and soluble sugars as compared with control plants 
(Xiang et al, 2007). 

In the present study, lower levels of MDA were observed 
in transgenic lines under drought, salt, and cold treat- 
ments when compared with WT and VT plants (Fig. 4C). 
These results were further substantiated by the presence of 
low levels of superoxide in the transgenic plants compared 
with WT and VT plants as evidenced by the NBT staining 
(Fig. 5B), suggesting lower levels of lipid peroxidation in 
transgenic plants. Reactive oxygen species (ROS) produced 
in plants under drought, salt, and temperature stress condi- 
tions cause oxidative stress (Mittler et al, 2004), which leads 
to an accumulation of higher levels of MDA due to increased 
concentration of superoxide radicals, resulting in damage to 
cell membranes. Tobacco plants overexpressing finger millet 
NACl (EcNACl) transcription factor showed lower lipid 
peroxidation due to the lower levels of MDA under abiotic 
stress conditions (Ramegowda et al, 2012). 

Analysis of catalase and SOD under stress conditions 
revealed higher levels of activity in trasnsgenics as compared 
with WT and VT plants. Furthermore, CcCi)i?-transgenic 
plants showed lower levels of H2O2 and superoxide when com- 
pared with the control plants, as evidenced by DAB and NBT 
staining (Fig. 5). Different ROS, such as 'O2, H2O2, O2 , and 
HO-, are toxic molecules and cause oxidative damage to vital 
molecules of the cell (Apel and Hart, 2004). During stress 
conditions, the rate of ROS production increases significantly 
and ROS-scavenging enzymes, namely catalase, SOD, ascor- 
bate peroxidase, glutathione peroxidase, and peroxiredoxin, 
are essential for their detoxification (Mittler et al, 2004). 
Catalase is an important antioxidant enzyme which catalyses 
the decomposition of H2O2 and plays a major role in con- 
trolling homeostasis of ROS (Du et al, 2008). SOD is the 
first enzyme acting in detoxification and converts 02- radicals 
to H2O2. It was reported that overexpression of Fe-SOD in 
alfalfa improved the winter survival of transgenics due to its 
increasing superoxide-scavenging capacity (McKersie et al, 
2000). Overexpression of the Arabidopsis MAPK kinase gene 
AtMEKl significantly increased stress-induced CATl expres- 
sion which reduced the superoxide concentration in trans- 
genic plants (Xing et al, 2007). The resuhs of NBT and DAB 
tests indicate the efficient scavenging of ROS in CcCDR- 
expressing transgenic plants. 

Arabidopsis transgenics expressing CcCDR were found 
to be hypersensitive to ABA at both seed and vegetative 
stages. These results clearly indicate that CcCDR functions 
as a transcriptional activator of ABA signal transduction, 
which is responsible for tolerance to multiple abiotic stresses. 
Arabidopsis plants overexpressing AtMYC2 and AtMYB2 
proteins exhibited hypersensitivity to ABA due to transcrip- 
tional activation of ABA-inducible gene expression (Abe 
et al, 2003). Further, CcCDR-transgenic plants revealed 
lower stomatal aperture size as compared with WT plants 
when treated with ABA (Fig. 6E). Stomatal closure is a key 
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ABA-controlled process for coping during water deficit condi- 
tions. As such, CcCDR might play a role in the ABA-induced 
stomatal closure which results in enhanced stress tolerance. 
Transgenic Arabidospsis overexpressing AtMYB44 revealed 
enhanced stomatal closure and conferred abiotic stress toler- 
ance (Jung et al., 2008). 

To determine the nature of accumulation of CcCDR pro- 
tein in the cell, the CcCDR GFP fusion construct was stably 
expressed in transgenic Arabidopsis. When cells expressing 
CcCDR-GFP were analysed, the fusion protein was found to 
be locaHzed predominantly in the nucleus (Fig. 7A), indicat- 
ing that CcCDR enters into the nucleus and might interact 
with other nuclear proteins to regulate the expression of vari- 
ous stress-responsive genes. 

Microarray analysis was carried out to obtain evidence for 
the role of CcCDR in the regulation of abiotic stress-respon- 
sive genes as well as to understand the multiple stress pro- 
tection capabilities of CcCDR transgenic plants. The results 
obtained indicate that many genes involved in abiotic stress 
response showed higher expression levels in rd29A-CcCZ)7?- 
transgenic plants as compared with WT plants under similar 
stress conditions (Supplementary Table S2 at JXB online). 
Genes that have physiological and molecular functions 
under abiotic stresses, such as DREB2A, zinc finger (C2H2 
type) protein, MYB, MAPKKK, CPKs, CBFl, CBF4, 
bZIP transcription factor, and LEA, were up-regulated in 
CcCiJi?- transgenic plants. qRT-PCR analysis also confirmed 
the up-regulation of these stress-responsive genes in trans- 
genic plants expressing CcCDR under similar stress condi- 
tions (Fig. 7C). MYB and bZIP family proteins function as 
transcriptional activators in the ABA signal transduction 
pathway under drought stress conditions (Abe et al, 2003). 
Up-regulation of the A. thaliana 9-cw-epoxycarotenoid 
dioxygenase (NCEDl) gene, which codes for a key enzyme 
in ABA biosynthesis, was also detected in CcCDT?- transgenic 
plants under drought stress conditions. It is well known that 
ABA mediates a variety of physiological processes includ- 
ing the response to drought, salt, and cold stress (Zhu et al. , 
2007). Most of the drought-inducible genes studied to date 
are also induced by ABA. Up-regulation of transcripts of 
these genes in transgenic plants indicates the role of CcCDR 
in activating the ABA-dependent pathway. Under stress 
conditions, the expression levels of LEA and P5CS were up- 
regulated, which is consistent with the higher proline content 
and osmotic potential of the transgenic plants. Similarly, 
increased expression of the C2H2-zinc finger protein in the 
transgenic plants indicates its possible role in enhanced stress 
tolerance. C2H2-zinc finger proteins participate in various 
abiotic stresses, such as salt, osmotic, drought, and low tem- 
perature stress, by enhancing the expression of different ROS 
response transcripts, thereby providing tolerance capabilities 
(Mittler et al, 2006). Overexpression of a rice zinc-finger pro- 
tein gene (OSISAPl) in tobacco conferred tolerance to cold, 
dehydration, and salt stress (Mukhopadhyay et al, 2004). 

Up-regulation of CDPKs and MAPKs as well as increases 
in antioxidant enzyme levels in transgenic plants indicate that 
the CcCDR gene plays an important role in ABA-mediated 
stress tolerance pathways. CDPKs act upstream of MAPK 



and are involved in enhancing the expression levels of anti- 
oxidants such as catalase, ascorbate peroxidase, glutathione 
reductase, and SOD (Ding et al., 2012). Furthermore, CDPKs 
and MAPKs are positive regulators of ABA signalling pro- 
cesses, regulating many aspects of plant growth and develop- 
ment as well as plant adaptation to biotic and abiotic stresses 
(Zhu et al, 2007; Asano et al, 2012). 

A significant increase in DREB2A transcripts in the trans- 
genic plants might have resulted in increased expression lev- 
els of downstream drought stress- and cold-responsive genes 
owing to cross-talk between signalling networks operating 
under different stress conditions. DREB2A overexpression 
regulates many water stress-inducible genes, leading to sig- 
nificant drought stress tolerance in Arabidopsis under stress 
conditions (Sakuma et al, 2006). Moreover, transcript lev- 
els of CBFl and CBF4 were significantly higher in CcCDR- 
transgenic plants than in WT plants. The CBFl gene is mainly 
involved in ABA-independent regulation of stress-responsive 
genes (Nakashima et al , 2009), while the CBF4 gene (a hom- 
ologue of CBF/DREBl) is rapidly induced during drought 
stress and by ABA treatment, and regulates stress-responsive 
gene expression in an ABA-dependent manner (Haake et al , 
2002). These results suggest that both ABA-dependent and 
ABA-independent stress signalling pathways are involved 
in CcCDR-mediated stress tolerance. Hence, it may be pre- 
sumed that CcCDR acts upstream of these stress-respon- 
sive genes and is, therefore, involved in a cross-talk between 
both the signalling networks. Based on the overall results, 
it is presumed that the enhanced abiotic stress tolerance of 
Arabidopsis transgenic plants is due to a significant increase 
in the expression levels of different abiotic stress-responsive 
genes. 

Supplementary data 

Suplementary data are available at JXB online. 

Figure SI. Molecular analysis of CcCDT?- transgenic 
Arabidopsis plants. 

Figure S2. Twenty-day-old WT and transgenic (T) 
Arabidopsis seedlings grown on MS medium containing 
1.5 i^M ABA. 

Table SI. Selected genes and primers used for real-time 
PCR analysis. 

Table S2. List of genes up-regulated >4-fold in CcCDR 
transgenic Arabidopsis subjected to drought stress. 
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